SUMOylation, one of the most important protein posttranslational modifications, plays critical roles in a variety of physiological and pathological processes. SENP (Sentrin/ SUMO-specific protease), a family of SUMO-specific proteases, is responsible for the processing of pre-SUMO and removal of SUMO from conjugated substrates. SUMO4, the latest discovered member in the SUMO family, has been found as a type 1 diabetes susceptibility gene and its maturation is not understood so far. Despite the 14 amino acid differences between pre-SUMO4 and SUMO2, pre-SUMO4 is not processed by SENP2 but pre-SUMO2 does. A novel interdisciplinary approach involving computational modeling and a FRET-based protease assay was taken to engineer pre-SUMO4 as a substrate of SENP2. Given the difference in net charge between pre-SUMO4 and pre-SUMO2, the computational framework analysis of electrostatic similarities of proteins was applied to determine the contribution of each ionizable amino acid in a model of SENP2-(pre-SUMO4) binding, and to propose pre-SUMO4 mutations. The specificities of the SENP2 toward different pre-SUMO4 mutants were determined using a quantitative FRET assay by characterizing the catalytic efficiencies (k cat / K M ). A single amino acid mutation made pre-SUMO4 amenable to SENP2 processing and a combination of two amino acid mutations made it highly accessible as SENP2 substrate. The combination of the two approaches provides a powerful protein engineering tool for future SUMOylation studies.
Introduction
Reversible posttranslational modifications of proteins with ubiquitin or ubiquitin-like proteins (Ubls), such as small ubiquitin-like modifier (SUMO), are one of general mechanisms to dynamically regulate protein activities in vivo. SUMO can covalently modify proteins with important roles in diverse cellular processes, including cell cycle, cell survival and death, DNA damage response, stress response, innate immunity and neurodegerative diseases (Hochstrasser, 2001; Muller et al., 2001; Gill, 2004; Johnson, 2004; Hay, 2005) . There are four SUMO paralogs in human genome, SUMO1-4. Human SUMO1 (also known as sentrin, Ubl1 and Smt3c) was first discovered in 1996 by homology study of yeast SMT3 (suppressor of Mif two 3 protein) and was shown to share sequence homology with human ubiquitin protein (Shen et al., 1996) . Mammalian SUMO2 and SUMO3 share 95% sequence identity with each other and are 45% identical to SUMO1. SUMO1-SUMO3 are ubiquitously expressed in most of tissues, whereas SUMO4 seems to have a tissue-or organ-dependent distribution, and has only be found to express mainly in the kidney, lymph node and spleen (Guo et al., 2004) .
Recent studies showed that SUMO4 is also expressed in pancreatic islets (Wang and She, 2008) , and in modifications of several important transcription factors involved in immune response, such as NFkB, STAT1 and AP1 (Wang and She, 2008) , suggesting its role in regulation of immune response in pancreas. Dysregulation of the NFkB signaling pathway has long been shown to be involved in the pathogenesis of many human inflammation diseases as well as type I diabetes (T1D) (Bacher and Schmitz, 2004) . SUMO4 was shown to modify IkB (Guo et al., 2004) , the inhibitor of NFkB, and thus could play a negative role in the NFkB signaling pathway (Guo et al., 2004) . JAK/STAT pathways are major pathways for cytokine and growth factor signaling. STAT1 is a major transcription factor for interferon signaling that plays critical roles in innate immunity and Th1 helper cell differentiation. The SUMO4 can suppress STAT1 DNA binding activity by direct conjugation (Wang and She, 2008) and result in a downregulation of STAT transcriptional activity (Wang and She, 2008) . Activator Protein-1 (AP-1) regulates transcriptions in cell proliferation (Shaulian and Karin, 2002; Ashida et al., 2005; Libermann and Zerbini, 2006) . SUMO4 can either directly repress AP-1 transcriptional activity or indirectly inhibit the AP-1 upstream activators (Salinas et al., 2004; Bossis et al., 2005; Guo et al., 2005) .
However, the general role of SUMO4 remains enigmatic, as the protease that processes pre-SUMO4 in vivo into its mature form is still unknown (Guo et al., 2004; Owerbach et al., 2005) . Pre-SUMO2 is very good substrate for SENP2, in contrast to pre-SUMO4 which cannot be processed by SENP2 at all. The crystal structures of SENP1/2 with SUMO1 revealed two domains of SUMO1 that are important for SENP1 recognition, the C-terminus, including Tyr91, Thr95, Gly96Gly97 motif, and His98, and a region of amino acids between 60 and 70, including Arg63, Leu65, Glu67, Gly68, Asp74, Glu79 of Pre-SUMO1 according to the proximity of interactions (Reverter and Lima, 2004; Shen et al., 2006; Xu et al., 2006) . The crystal structure of SENP2 with Pre-SUMO2 revealed similar interaction motifs (Reverter and Lima, 2006) . SUMO4 and SUMO2 precursors exhibit good sequence similarity, with only 14 amino acid differences out of the total 95 amino acids, and also share the same SUMO tail (-VY) after the characteristic di-Gly (-GG) active SUMO motif (Fig. 1) . The substrate conversion of pre-SUMO4 into pre-SUMO2 would produce a very useful reagent to study SUMO4 functions in vivo.
One notabledifference between pre-SUMO2 and pre-SUMO4 is the net charge: the net charge of pre-SUMO2 is 23 whereas the net charge of pre-SUMO4 is 0. Based on this observation, we formed a hypothesis that the difference in the ability of SUMO4 and SUMO2 to bind to SENP, and subsequently become catalyzed, is owed to their charge difference.
Here, we report a protein engineering strategy involving both computational prediction and experimental procedures to re-engineer pre-SUMO4 into a great substrate of SENP2. We used our computational framework analysis of electrostatic similarities of proteins (AESOP) (Gorham et al., 2011a, b; Hakkoymaz et al., 2011; Kieslich et al., 2011a Kieslich et al., , b, 2012 to predict a minimum set of two amino acid mutations in pre-SUMO4 that convert the non-digestible substrate into a highly efficient substrate of SENP2 with K cat / K M value of 1.19 + 0.214 Â 10 7 , which is equivalent to a highly efficient enzyme -substrate pair. The kinetic parameters were determined by our newly developed highsensitive and quantitative FRET assay Jiang et al., 2013) . The novel combination of the AESOP computational framework and FRET-based enzymatic kinetic analysis provides a powerful tool for the study of SUMOylation and related peptide conjugation cascades.
Materials and methods

Electrostatic perturbation design
Pre-SUMO2 is highly preferred by SENP2 in maturation, and the binding between ( pre-SUMO2) and SENP2 is the tightest due to the smallest value of K M (Reverter and Lima, 2006) . In that way, SENP2 was selected in the study as the functional protease.
There are no available structural data for (pre-SUMO4)-SENP2 interaction as pre-SUMO4 cannot form stable complexes with any SENPs. The crystal structure of the ( pre-SUMO2)-SENP2 complex (PDB Code: 2IO0) (Reverter and Lima, 2006 ) was used as a template to generate an initial homology model of the ( pre-SUMO4) -SENP2 interaction. The homology modeling software MODELLER (Fiser and Sali, 2003) was utilized to generate the homology model and to extend the N-terminal tail of pre-SUMO2 in the ( pre-SUMO2) -SENP2 complex (Fig. 2) . The N-terminal extension consists of 15 amino acids that are not present in the crystal structure, but are present in the experimentally relevant sequence (Fig. 1) .
Electrostatic calculations were performed within the AESOP framework, using the APBS (Adaptive PoissonBoltzmann Solver) software (Baker et al., 2001) , as described elsewhere (Cheung et al., 2010; El-Assaad et al., 2011; Gorham et al., 2011a Gorham et al., , b, 2012 Kieslich et al., 2011a Kieslich et al., , b, c, 2012 . Alanine-scan mutations were performed using side chain truncations by AESOP functions, while non-alanine mutations were performed using the SCWRL4 package (Krivov et al., 2009) . The PDB2PQR utility was used to prepare all structures for electrostatic calculations by incorporating atomic radii and partial charges according to the PARSE forcefield (Sitkoff et al., 1994; Dolinsky et al., 2004) .
Electrostatic potentials and electrostatic free energies were calculated with APBS, using a grid with 129 Â 129 Â 129 grid points and coarse/fine grid dimensions of 212 Å Â 98 Å Â 130 Å . The dielectric boundary was defined by a water-sized probe sphere with a radius of 1.4 Å , and the dielectric coefficients of the protein and solvent environments were 20 and 78.54, respectively. The choice of dielectric coefficient for the protein interior is based on our previous work (Gorham et al., 2011b) . All electrostatic calculations were performed using 0 mM concentration of counterions. Electrostatic free energies of association were calculated as differences of solvation free energies of the complex and individual components for the association process in solution and in a reference state, as described , b, Kieslich et al., 2012 , according to:
Þ where A and B represent the two protein components of the complex AB. The state 'solution' corresponds to the association process in solution with dielectric coefficient of 20 for the protein interior and 78.54 for the solvent, and the state 'reference' corresponds to the association process with uniform dielectric coefficient of 20 for both protein interior and solvent. Hierarchical clustering of electrostatic potentials was performed using the linear distance (LD) measurement, as described :
jf A ði; j; kÞ À f B ði; j; kÞj maxðjf A ði; j; kÞj; jf B ði; j; kÞjÞ where f A and f B represent the electrostatic potentials of proteins A and B at grid points (i, j, k) and N is the number of proteins to be compared. An LD value of 0 denotes identical electrostatic potentials, and as the LD value increases, so does the dissimilarity in electrostatic potentials.
Plasmid constructs
The point mutations of pre-SUMO4 were introduced by polymerase chain reaction (PCR) using the QuikChange sitedirected mutagenesis kit (Invitrogen) based on the construct CyPet-( pre-SUMO4)-YPet. P90Q mutation was achieved by replacing CCA to CAA; G63D mutation was achieved by replacing GGC to GAC; K21A mutation was achieved by replacing GCG to AAG.
The open reading frames of the genes were amplified by PCR, and the PCR products were cloned into PCRII-TOPO vector (Invitrogen). After confirming the constructs by sequencing, the cDNAs encoding CyPet-(wild-type pre-SUMO2/4)-YPet, CyPet-( pre-SUMO4 P90Q)-YPet, CyPet-( pre-SUMO4 P90Q/G63D)-YPet, CyPet-( pre-SUMO4 P90Q/G63D/K21A)-YPet, CyPet-SUMO2, YPet, and the catalytic domains of SENP2 were cloned into the pET28 (b) vector (Novagen), engineered with an N-terminal polyhistidine tag.
Protein expression and purification
Escherichia coli cells of strain BL21(DE3) were transformed with pET28 vectors encoding CyPet-(wild-type pre-SUMO2/4)-YPet, CyPet-( pre-SUMO4 P90Q)-YPet, CyPet-( pre-SUMO4 P90Q/G63D)-YPet, CyPet-( pre-SUMO4 P90Q/G63D/K21A)-YPet, CyPet-SUMO2, YPet and the catalytic domains of SENP2. The transformed bacteria were grown in 2xYT medium to an optical density at 600 nm of 0.4-0.5, by induction with 100 mM isopropyl-b-D-thiogalactoside for 16 h at 258C. The polyhistidine-tagged recombinant proteins were purified from bacterial lysates with nickel agarose affinity chromatography (QIAGEN) and eluted in 20 mM Tris -HCl, pH7.4, 50 mM NaCl, 1 mM DTT. Protein purity was examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and concentrations of the purified proteins were determined by Bradford Assay (Thermo Scientific).
Self-fluorescence cross-talk ratio determination
To determine the cross-talk ratio of CyPet and YPet's selffluorescence, purified CyPet-SUMO2 and YPet were incubated individually in 378C C in buffer containing 20 mM Tris -HCl ( pH 7.4), 50 mM NaCl, 0.1% (v/v) Tween-20 and 1 mM DTT to a total volume of 80 ml in the concentration of 10, 20, 50, 100, 200 and 500 nM for 10 min and added to each well of a 384-well plate (Greiner, glass bottom).
Fluorescent missions of CyPet at 475 and 530 nm were detected in a fluorescence multi-well plate reader (Molecular Devices, Flexstation II 384 ) under the excitation at 414 nm to determine the cross-talk ratio a; fluorescent emissions of YPet at 530 nm were detected under the excitation at 414 and 475 nm to determine the cross-talk ratio b. Three samples were repeated for each concentration.
Protease assay and western blot to study the effects of generated mutations in pre-SUMO4 mutation by SENP2
FRET-based SUMO processing assays were conducted by measuring the emission intensity of CyPet at 475 nm and of YPet at 530 nm with an excitation wavelength of 414 nm in a fluorescence multi-well plate reader (Molecular Devices, Flexstation II 384 ). To test the effects of different mutations in (pre-SUMO4)-SENP2 maturation process, CyPet-(pre-SUMO4)-YPet, CyPet-(pre-SUMO4P90Q)-YPet, CyPet-(pre-SUMO4P90Q/G63D)-YPet and CyPet-(pre-SUMO4P90Q/G63D/K21A) were incubated with catalytic domain of SENP2 (1 : 1 molar ratio) at 378C in low salt reaction buffer and transferred into a 384-well plate (glass bottom, Greiner). The final concentration of reacted proteins was 100 nM. Reactions were stopped at 1 h and were analyzed by fluorometer. Three samples were repeated in each concentration. The results were reported as mean + SD. The same samples were also performed by western blot.
Protease kinetics assay
FRET-based pre-SUMO4 maturation assays were conducted by measuring the emission intensity of CyPet at 475 nm and of YPet at 530 nm with an excitation wavelength of 414 nm in a fluorescence multi-well plate reader (Molecular Devices, Flexstation II 384 ). CyPet-( pre-SUMO2)-YPet, CyPet-( pre-SUMO4P90Q)-YPet, CyPet-( pre-SUMO4P90Q/G63D)-YPet and CyPet-( pre-SUMO4P90Q/G63D/K21A) was incubated with SENP2C at 378C in low salt reaction buffer to a total volume of 80 ml and transferred into a 384-well plate. The final concentration of SENP2 (catalytic domain) was fixed, and the final concentrations of substrate were titrated starting from 100 : 1 molar ratio of substrate to protease.
Reactions were tested within original 5 min with 10-s intervals. One phase association model was used to fit the exponential increased reaction velocity. Data were analyzed by the developed method and plotted in GraphPad Prism V software fitting the Michaelis -Menten equation. Five samples were repeated in each concentration. The results are reported as mean + SD.
Engineering pre-SUMO4 as high accessible substrate of SENP2
Quantitative FRET analysis and determination of FRET signal
The cross-talk ratio of CyPet's self-fluorescence (a) is the ratio of CyPet-SUMO's emission at 530 nm (I d530/414 ) to 475 nm (I d475/414 ) under excitation at 414 nm (Fig. 3a) :
The determined value of a is 0.278. The cross-talk ratio of YPet's self-fluorescence (b) is the ratio of Ypet's emission at 530 nm under excitation at 414 nm (I a530/414 ) to emission at 530 nm under excitation at 475 nm (I a530/475 ) (Fig. 3b) :
The determined value of b is 0.026.
In that way, we can distinguish the detected fluorescence signal at 530 nm under the excitation at 414 nm (FL 530/414 ) into three fragments: FRET-induced acceptor's emission (I da ), donor's direct emission (I d530/414 ) and acceptor's direct emission (I a530/414 ) (Fig. 3c) . The detailed kinetics analysis has been described previously Jiang et al., 2013) .
Initial velocity determination of SENP2 to pre-SUMO
The pre-SUMO's maturation by SENP2 can be determined by monitoring the changes of fluorescent signal at 475 and 530 nm under excitation at 414 nm during the maturation process. The initial velocity (V o ) of CyPet-( pre-SUMO1/2/ 3)-YPet's maturation by SENP2 was determined using methods previously described as :
where V 0 is initial velocity, P is product, t is time, k is catalytic constant and [S 0 ] is initial substrate concentration.
Results
Mutagenesis of pre-SUMO4 based on electrostatic comparison with pre-SUMO2
SUMO4 has been known to participate in regulation of several important signaling pathways, but the mechanism of how SUMO4 is matured in vivo is still unclear. As the pre-SUMO maturation by SENP is the first step in the SUMOylation pathway, it is important to understand the mechanism of pre-SUMO4's maturation. The aim of this work is to identify a minimum set of pre-SUMO4 mutations necessary to gain catalytic ability, at least through the formation of the SUMO -SENP complex, based on a computational mutagenesis perturbation design and a quantitative FRET assay and analysis. Specifically, we introduced a minimal number of mutations to enable pre-SUMO4 to acquire pre-SUMO2 substrate properties. Figure 2 shows the homology model of the ( pre-SUMO4) -SENP2 complex, generated as described in Materials and Methods. The C-terminal tail of SUMO2, consisting of residues 94 -95, inserts in to the catalytic site of SENP2 and is cleaved in the maturation process. A close look at the sequence alignment of SUMO2 and SUMO4 (Fig. 1) shows that a mutation of Gln90 ( pre-SUMO2) to the rigid-cyclic residue Pro90 ( pre-SUMO4) likely introduces a kink, which sterically disrupts the insertion of the nearly linear tail into the catalytic site. The kink is a consequence of the rigid-cyclic structure of proline and is thought to preventing SUMO4 binding to SENP and maturation. Therefore, we introduced a P90Q mutation to SUMO4 to mimic the SUMO2 insertion of its C-terminal tail to SENP2. This mutation has also been suggested and tested before, and produced a pre-SUMO4 mutant which was capable of being matured by the catalytic domain of SENP2 (Owerbach et al., 2005) . Moreover, the glutamine residue was conserved in other three SUMO paralogs. The residues Fig. 4 . Electrostatic clustering and free energies of association for pre-SUMO2 based mutations of pre-SUMO4 (a) and pre-SUMO4 alanine-scan (b). Electrostatic clustering is illustrated as a dendrogram tree (top) with label color indicating: (a) the net charge of the resulting analog: pink, 21; black, 0; purple, þ1; (b) the type of amino acid being replace by alanine: red, acidic; blue, basic. The color of the free energy data points indicates the distance of the mutated residue from SENP2 as illustrated by Fig. 2: orange, ,3 .5 Å ; green, .3.5 Å and ,8 Å ; cyan, .8 Å (white point represents parent structure).
Engineering pre-SUMO4 as high accessible substrate of SENP2 glutamine and threonine before di-Gly are required for SENP recognition (Drag et al., 2008) , and the kink-removing P90Q mutation makes pre-SUMO4 more similar to the other three SUMO paralogs.
We reasoned that the net charge difference between SUMO2 and SUMO4 may be a reason for loss of SUMO4 SENP binding ability, and we launched a detailed analysis for the generation of global electrostatic potentials by specific charge differences in the structures of SUMO2 and SUMO4.
To assess which of the remaining 13 amino acid differences between SUMO4 and SUMO2 (other than the P90Q mutation, Fig. 1 ) contribute to the electrostatic differences that promote or disrupt SENP binding, we performed a mutagenesis AESOP analysis. Each amino acid in pre-SUMO4(P90Q) which is different from pre-SUMO2, was computationally replaced to the corresponding pre-SUMO2 amino acid, one at a time, generating a family of 15 proteins (14 mutants and the parent protein). The consequences of these mutations were quantified using electrostatic clustering and solvation free energy of association, and are shown in Fig. 4a . Of these 14 mutations, only the mutation of pre-SUMO4 residue 63 from glycine to aspartic acid had a noticeable effect on the predicted binding ability, which favorably decreased the solvation free energy of association (Fig. 4a) . The G63D mutation introduces a negative charge into SUMO4, therefore altering pre-SUMO4's net charge from 0 to 21, and bringing it closer to the net charge of 23 of pre-SUMO2. This mutation not only changes the net charge and overall spatial distribution of SUMO4's electrostatic potential (important for recognition), but also introduces favorable local interactions (important for local stability of the complex; see Discussion).
To detect additional charged amino acid mutations that may bring the net charge of SUMO4 closer to that of SUMO2, and to identify local charged interactions that are important to SENP2 binding, we performed a computational alanine scan using AESOP. In the alanine-scan mutagenesis each charged residue is replaced with alanine, one at a time, followed by electrostatic clustering and solvation free energy calculation to elucidate the electrostatic contribution of each charged residue of pre-SUMO4 in association. A family of 28 proteins (27 mutants and parent) was analyzed, and the results are shown in Fig. 4b . The mutation K21A was predicted to be the most favorable according to solvation free energy differences (Fig. 4b) . The replacement of lysine to alanine at position 21, in combination with the aforementioned G63D mutation, further reduces the net charge of pre-SUMO4 to 22, bringing it even closer to the net charge of 23 of pre-SUMO2.
Based on the computational data and the structural necessity for P90Q mutation, we reasoned that the single mutant P90Q, the double mutant P90Q/G63D, and the triple mutant P90Q/ G63D/K21A would produce pre-SUMO4 substrates with variable pre-SUMO2 maturation properties. Our computational predictions were tested using protein expression and a quantitative FRET assay, as described below.
FRET-based protease assay to characterize the effects of generated pre-SUMO4 mutants
To test the effects of the computationally predicted mutations of pre-SUMO4 in the SENP2 maturation, CyPet and YPet tagged wild-type pre-SUMO4 as well as the other 3 pre-SUMO4 mutants (P90Q, P90Q/G63D, P90Q/G63D/K21A) were incubated with catalytic domain of SENP2 (1 : 1 molar ratio, 100 nM each) at 378C for 1 h. The fluorescent emission spectra under the excitation of 414 nm were detected.
The results indicated that the computationally predicted mutants presented different effects in improving pre-SUMO4's maturation by SENP2: wild-type pre-SUMO4 cannot be processed at all, and the pre-SUMO4 P90Q/G63D mutant was the most favorable substrate for SENP2 (Fig. 5a) , the results were also confirmed by the biochemistry western blot assay in parallel (Fig. 5b) .
Enzyme kinetics determination by Michaelis-Menten analysis
The K M and V max values can be obtained from the MichaelisMenten equation by plotting the various velocities of SENP2 digestion versus the corresponding different concentrations of substrate. Kinetic analysis of protease-catalyzed reactions can identify catalytically relevant structural components in protein engineering. The developed FRET-based protease assay and the methodology of quantitative FRET analysis in determination of protease kinetic constants were applied to quantify the effects of different mutations in pre-SUMO4 mutants' maturation by SENP2C.
Different amounts of substrate CyPet-( pre-SUMO)-YPet were incubated with the catalytic domain of SENP2. The concentration of digested substrate, x, was calculated according to the above analysis. The digested substrate concentration showed very good dose-dependent digestion with the amount of substrate (Fig. 6) .
The initial velocities were calculated as described in Materials and Methods, and are listed in Table I . The data display a good substrate dose-dependent relationship. The kinetics of ( pre-SUMO2)-SENP2 was also studied as a control to comparison (Fig. 7 and Table II) .
The results of the protease kinetics analysis indicated the different effects of mutants in (pre-SUMO4)-SENP2 mutation process. As the mutations were generated based on the model of Fig. 6 . Quantitative FRET analysis in study the protease kinetics of pre-SUMO2, pre-SUMO4s (m) 0 maturation by SENP2C. The concentration of digestion substrate in the maturation process was determined with time.
Engineering pre-SUMO4 as high accessible substrate of SENP2 non-productive (pre-SUMO4)-SENP2 binding complex, the effects of mutants were mainly on the binding step rather than the catalysis step. The values of k cat were close to each other, but the values of K M varied a lot. The replacement of glycine to aspartic acid at position K M of pre-SUMO4 had a great impact upon forming the stable binding complex with SENP2 as the K M was only 1.63 mM. However, the replacement of lysine to alanine at position 21 of pre-SUMO4 brought slightly negative effect on the binding of (pre-SUMO4)-SENP2 as the related K M was 5.45 mM, larger than the value of the G63D mutants.
Discussion
Previous biological studies indicate a functional role of SUMO4 in heat shock and NF-kB transcription factor expression (Bohren et al., 2004; Guo et al., 2004) , however, the SUMO4 proteins studied were made from expression vectors that over-express the SUMO4 and these proteins were made to end in the C-terminal di-Gly residues. However, the endogenous protease that maturates pre-SUMO4 has not been identified.
Electrostatics contributes to protein function by forming the inter/intra-molecular interactions, driving the process of protein -protein recognition and leading to binding, as well as facilitating pH-dependent processes, such as enzymatic catalysis and conformational switching (Mallik and Morikis, 2006; Wu and Morikis, 2006; Gorham et al., 2011a, b; Kieslich et al., 2012) . In the case of SUMO paralogs and SUMOfamilies of mutants, it is expected that proteins with similar spatial distributions of electrostatic potential are likely to have similar functions. The net charge (and overall electrostatic potential) difference between pre-SUMO2 and pre-SUMO4 is expected to play a discriminatory role in pre-SUMO's maturation by SENPs.
The AESOP computational framework is centered on the idea of electrostatic similarity, and is used to analyze and design pre-SUMO4 mutants with pre-SUMO2 properties. The net charge of pre-SUMO4 turned into 21 and 22 after introducing the point mutations of G63D and then G63D/K21A, respectively. The replacement of Gly to Asp at position 63 produced substantial improvement for SENP2 binding compared with the parent protein (the P90Q mutant), and the K21A mutant displayed a decreased binding ability toward SENP2 compared with the P90Q/G63D mutant. To get further understanding into the protease kinetics results for the pre-SUMO4 mutants, the inter/intramolecular Coulombic interactions were structurally analyzed. Such Coulombic interactions may contribute to improving or weakening the association of the generated mutants compared with the parent proteins.
The aspartic acid replacement at position 63 introduces a strong bifurcated inter-molecular salt bridge with the two SENP2 basic amino acid residues Arg456 and Lys459 (Fig. 8a) . Further analysis indicates that a negatively charged amino acid is conserved in all SUMO paralogs at position 63 (Reverter and Lima, 2004) . In addition, the sequence alignment of SENP family also shows the positive charge at position 456 and 459 is highly conserved. In that way, the introduced mutation G63D, in addition to P90Q mutation, not only turned on the pre-SUMO4 preference for SENP2 binding, but also was a good substrate for SENP1, 3 and 5.
The replacement of Lys to Ala at position 21 removed intramolecular Coulombic interactions among Lys21-Glu-81-Asp-82, which were expected to stabilize the local structure (Fig. 8b) , and may indirectly affect association with SENP2. This mutation could destabilize the local structure, as it leaves two acidic resides unpaired with basic residues. Alternatively, upon mutation the two acidic amino acids may re-orient away from each other toward the solvent, leaving the remainder of the local structure intact. Also, the computational model for mutagenesis was based on the native form of pre-SUMO4, which was not tagged with any fluorescent proteins, the effects of either the conformational or electrostatic change from the tagged CyPet and YPet of pre-SUMO4 may need to be studied in the future.
In addition, other mutations may be suggested by the AESOP analysis, such as K21E, K21A/R36A and G69E/K72A, although the latter two are not predicted to have as substantial effects as the G63D and G63D/K21A mutations. These mutations add one more negative charge of pre-SUMO4, which equals to the net charge 23 of pre-SUMO2. The effects of these mutations need to be studied in the future to determine whether they can improve the pre-SUMO4's maturation by SENP2 more effectively.
The development of the highly sensitive and quantitative FRET-based protease assay provided accurate kinetic characterization of effects of different mutations of pre-SUMO4 in the maturation of catalytic domain of SENP2. Compared with the Fig. 7 . Quantitative FRET analysis in study the protease kinetics of pre-SUMO2, pre-SUMO4s (m) 0 maturation by SENP2C in Michaelis-Menten graphical analysis. Engineering pre-SUMO4 as high accessible substrate of SENP2 traditional 'gel-based' method, our FRET-based protease assay offers several advantages, including increased sensitivity, realtime measurement, and less time and labor needed. Compared with the traditional ratiometric FRET analysis, we improved the approach by developing both, a new theory of FRET signal for kinetic analysis and an experimental procedure to derive kinetic parameters by deriving the quantitative contributions of absolute fluorescent signals from donor's direct emission, acceptor's direct emission and real FRET-induced acceptor's emission. The small numeric differences between the developed quantitative FRET analysis and ratiometric analysis reflect a fundamental difference of the FRET data processing. The discrepancy between these two approaches might be due to the inclusion of direct emission of donor and acceptor in the ratiometric analysis method. Although the overestimations of FRET signal might not greatly affect the final k cat /K M ratio, the effect is more obvious when studying the individual parameters, K M and k cat , which are important in determining the rate-limiting step and inhibitor potency of enzymes.
The engineered pre-SUMO4 became highly accessible toward SENP2's maturation. The novel combination of computational modeling and the FRET-based enzymatic kinetics analysis has provided a powerful tool for protein engineering of SUMOylation and related peptide conjugation cascades. 
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